Cell migration is fundamental to various physiological processes, including metastasis, wound healing and tissue development. The complex processes involved in cell migration; polymerization, adhesion, and retraction, are mediated by highly orchestrated structure-function interactions that occur within the actin cytoskeletal structure. Thus understanding how migrating cells regulate the global dynamics of their cytoskeletal components, which result from rather localized protein-protein interactions, is fundamental to elucidating the mechanisms of cell motility. The objective of this review is to explore the mechanical regulation of actin network dynamics in migrating cells, and to discuss its regulatory role in cell migration. Specifically, we examine the various mechanical forces involved in cell migration, and how they couple with biomechanical factors to spatiotemporally regulate the dynamics of the actin cytoskeleton during cell motility. Two aspects of actin network dynamics are addressed, namely, network turnover by polymerization and depolymerization, and network flow resulting from actomyosin activity. We begin by highlighting the fundamental features of actin network dynamics in migrating cells. We then examine the coupling relationship between actin network flow and traction forces, as well as the mechanism underlying the regulation of traction forces by actin network flow. Finally, we integrate the various motility processes into a mechanical pathway in order to elucidate the importance of mechanical regulation of actin network dynamics to cell migration.
Introduction
Cell migration is essential to many cellular processes that are fundamental to various biological functions. For instance, cells migrate to appropriate sites during embryo development where they form new tissues and organs. Fibroblasts migrate to a wounded area and patch it up to heal. Still, during metastasis, cancer cells migrate from primary sites, penetrate into the blood stream and extravasate at new sites. Cells normally move in response to specific external stimuli in their local environment, as in the case of chemotaxis where migration occurs along a concentration gradient of a chemoattractant (1) . Moreover, different cells express different modes of locomotion according to their specific functions and the environment in which they operate. Intriguingly, however, overall migration process occurs through related cellular and molecular mechanisms (2) . Thus, although keratocytes, amoeba, neutrophils and neuronal growth cones exhibit distinctively different migration behaviors, they all undergo motility by protruding the cell front and retracting the cell rear.
In fact, front-rear polarity is an important initial step during cell migration. Collectively, the events of cell migration are realized by multiscale interactions at different cellular modules, and they involve the interplay of diverse mechanical factors, both internal and external in origin. As such, they need to be carefully orchestrated in both time and space, in order to achieve robust whole-cell movement that is responsive to the biomechanical and biochemical environment of the cell. Although intensive research over the last few decades has shed light into the molecular players and pathways involved in cell migration, precisely how cells regulate the many molecular and structural dynamics that take place at different cellular modules during cell movement is less understood (2) .
Moreover, although it is increasingly becoming clear, thanks to studies on cell mechanobiology, that coupling interactions between mechanical and biochemical factors play crucial roles in the regulation of various motility processes, a full understanding of the mechanisms underlying these interactions is yet to be achieved. This review focuses on the mechanical regulation of the actin cytoskeleton, and explores the nature and roles of mechanical forces involved in the migration processes. Specifically, we examine how mechanical factors, including network strain and actomyosin tension are generated, and how they contribute to the regulation of actin network dynamics during cell migration. In addition, traction forces resulting from cell-substrate interactions are also examined and correlated with actin network dynamics. We base much of our discussions on the migration of fish keratocytes; often considered as the best models of cell motility due to their simple shapes and elegant movement. For clarity, explanations and figures of these cells have been included where necessary.
Cytoskeletal Actin Network in Migrating Cells

Fundamental Processes of Cell Migration
Actin-based cell migration is mediated by continuous structural reorganization and dynamics of the actin cytoskeleton, and it involves the interplay of various mechanical forces that regulate the dynamics of the actin network (Fig. 1 ). As such, cell migration can be regarded as a multistep mechanical process involving a series of complex but spatiotemporally well coordinated processes, including protrusion of the leading edge (3, 4) , attachment to the substrate via focal adhesions (FAs) (5) , and retraction of the cell rear (6) (Fig.   2A ). Protrusion, adhesion and retraction are in essence mediated by complex multi-scale biochemical interactions that take place within the cytoskeleton. As summarized in Fig. 1 , mechanical factors contribute to the regulation of cell migration by modulating actin network dynamics. They achieve this by coupling with biochemical factors that locally and globally coordinate vital processes such as actin polymerization and depolymerization. The vital steps of cell migration are summarized in Fig. 2A . Cell movement begins when localized actin polymerization leads to the protrusion of the plasma membrane to form a specialized protrusive structure. The structure formed can be either a lamellipodium (flat and wide) or a filipodium (narrow and finger-like), depending on its form, but here we will mainly consider cell migration involving a lamellipodium (Fig. 2B) . The initial protrusion of the lamellipodium before full-scale cell movement initiates cell polarization, and determines the direction of cell movement. In the second step of cell migration, the protruding lamellipodium attaches to the substrate via specialized transmembrane structures known as focal adhesions (7) (FAs) ( Fig. 2A) . These structures are complex, and consist of numerous proteins including integrins, vinculins, talins and focal adhesion kinases (reviewed in (8) ). By linking the actin cytoskeleton to the substrate, FAs provide a platform for cytoskeletal force generation. In addition, they provide support for continuous polymerization and protrusion of the leading edge. In the third step, a migrating cell generates an internal mechanical force to disassemble FAs, and to enable retraction of the rear and forward translocation (9) . Contractile forces for these functions are generated by the interaction between actin filaments and myosin II motors (essential components of the contractile machinery), especially along actin bundles or stress fibers (SFs) that are usually located at the back of the lamella (10) (see Fig. 3 ). In highly motile cells like epidermal fish keratocytes ( Fig. 2B ), protrusion and retraction are highly coordinated to ensure smooth and persistent migration. In addition to contractile forces, migrating cells also interact with the substrate via FAs, resulting in the development of traction forces, which are important external mechanical forces that determine migration speed. Furthermore, migrating cells are subjected to a wide range of mechanical forces that emanate from their physical environment and affect their functions, including substrate rigidity and strain (11) (12) (13) , shear stress due to fluid flow (e.g.
endothelial cells are exposed to shear stress due to blood flow (14) ), hydrostatic (15) and compression forces (1) . Cells maintain homeostasis by sensing and converting these biomechanical signals into biological functions via mechanotransduction (16) .
Structural Features of the Actin Network in Migrating Cells
As mentioned above, a migrating cell such as fish keratocytes (Fig. 2B ) first acquires a spatial asymmetry by extending a lamellipodium or a filipodium in the direction of movement in order to translate polymerization forces into net cell movement (9) . A lamellipodium is a flat, ~0.3 µm thick sheet-like structure filled with F-actin network (Fig.  3A) , and a filopodium is a thin finger-like projection that consists of tightly packed actin bundles. The spatial organization of a cell is determined by the three distinct biopolymers that constitute the cell cytoskeleton, namely, intermediate filaments, microtubules, and actin filaments (F-actin). Intermediate filaments provide mechanical support, whereas microtubules serve as tracks for intracellular transport. Actin filaments are semiflexible biopolymers that self-assemble from globular actin (G-actin) monomers (Fig. 3B ). They are 7-9 nm thick, and have a characteristic length of ~ 17 µm (17) . In the lamellipodia, actin filaments form an interconnected dendritic network that is responsible for whole cell migration, as well as the provision of mechanical support. Vol. 5, No. 3, 2010 Actin filaments are structurally dynamic and adaptable, and they undergo continuous treadmilling during cell movement through polymerization and depolymerization (3) (Fig.   3B ). Polymerization and depolymerization are coupled events in the sense that while the former generates protrusive forces, the latter replenishes the pool of actin monomers consumed during polymerization (4) . Since the relative rates of the two processes differ at either end of a filament, actin filaments are said to be functionally polarized with a fast growing end known as the plus end (barbed end), and a shrinking end known as the minus end (pointed end). The plus end is energetically favorable for the addition of ATP-bound G-actin monomers, and therefore, exhibits faster rates of polymerization. In contrast, depolymerization of ADP-bound G-actin monomers occurs preferentially at the minus end.
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Other than treadmilling, actin filaments also interact with myosin II motors and other cellular components. In fact, the interaction between actin filaments and myosin II (actomyosin interaction) generates contractile forces that are responsible for a wide range of motility processes, including network contraction, focal disassembly, and retraction of the cell rear. Indeed, actomyosin interaction is a major source of intracellular mechanical forces that determine actin network dynamics. The distribution of actin filament network in the lamellipodia is asymmetrical, in that the density is relatively high at the leading edge of the lamellipodium but decreases gradually toward the back (10) . F-actin network at the leading edge is organized into a dense array of short and highly branched filaments (Fig. 3A) , with individual filaments oriented at a tilt angle of 35° with respect to the leading edge normal (4, 18) . Moreover, filaments at the leading edge are aligned with their plus ends in close proximity with the plasma membrane to facilitate protrusion by polymerization (Fig. 3B) whereas the minus ends, where depolymerization preferentially takes place, are localized in the interior of the cell (2) (3) (4) .
Toward the back of the lamellipodia, filaments become increasingly aligned parallel to the leading edge, and they form relatively thick bundles due to increased crosslinking (Figs. 3A and C). The actin bundles, also known as stress fibers (SFs), act as the contractile force generators due to active actomyosin interactions that occur along them. Different types of SFs exist in different cells types (19, 20) , but they share a common feature, i.e., they terminate at focal adhesions (Figs. 3A and D). Indeed, attachment to the substrate via focal adhesions is important for the functioning of these contractile structures, as described in subsection 3.3. For actin polymerization to drive membrane extension, it is necessary that the F-actin network possesses appropriate mechanical strength. Lamellipodial F-actin network is extensively cross-linked by α-actinin, filamin and other cross-linking proteins into a lattice-like meshwork (Figs. 3C and D) . Crosslinking increases the mechanical integrity of the polymer network, enabling it to perform work by pushing out the plasma membrane during polymerization (21) . Bundling and cross-linking also give the network of otherwise floppy filaments the mechanical strength to accomplish other functions such as cell shape maintenance and the provision of mechanical support. In addition, cross-linking proteins including α-actinin couple with adhesion proteins such as integrin and vinculin to link the cytoskeletal actin network to the extracellular cell matrix (ECM) (Fig. 3D ). This is crucial for the transmission of mechanical cues from the physical environment into the cell via a process known as mechanotransduction (1, 22) . The transduced mechanical cues are believed to couple with intercellular mechanical factors originating from actomyosin contraction to determine the rate of cell migration.
Biochemical Regulation of Actin Network in the Lamellipodia
The flexibility and adaptability of the actin cytoskeleton is maintained by a host of functionally specialized actin binding proteins (Fig. 3B) . Polymerization is the result of a concerted regulation by a set of regulatory proteins at the leading edge that carefully determine the pace and spatial organization of the assembly process (23) . These regulators include Arp2/3, profilin, formins, and capping proteins, just to mention a few. Among them, Arp2/3 is the best studied, and it is known to be a stable complex of seven conserved subunits, including actin-related proteins Arp2 and Arp3, and ARPC1, ARPC2, ARPC3, ARPC4, and ARPC5 (24) . The complex localizes at the leading edge of the lamellipodia where it nucleates new filaments from preexisting ones, resulting in an interconnected and a branched 2D netowork that is commonly referred to as the dendritic network (25) (Fig. 3A) .
Arp2/3 is activated by Wiskott-Aldrich syndrome protein (WASP) down stream of other regulatory proteins such as Cdc42 and Rac1 (24) . In contrast with Arp2/3, formins are polypeptide, multi-domain proteins that nucleate non-branched actin filaments, and they do so independently of Arp2/3 (26, 27) . Another actin binding protein, profilin, is a small protein that bind to G-actins and has the capacity to stimulate polymerization by catalyzing the exchange of G-actin-coupled ADP for ATP (28) . It works in close association with formins, and the cooperation between the two accelerates 15-fold actin polymerization (29) . On the other hand, capping proteins control the dynamics of actin assembly by capping the barbed ends of elongating filaments, thereby terminating filament growth (4) . Although they limit actin filament growth, paradoxically, capping proteins can also increase actin-based cell motility by funneling actin monomers to uncapped filament ends (30) .
In addition to the regulators mentioned above, several cytokines including, lymphokines, interleukins, and chemokines are also involved in autocrine/paracrine regulation of actin network dynamics, particularly in cells of the immune system. Proinflammatory cytokines (endothelin-1, interleukin-1 beta, tumor necrosis factor-α, TNF-α) have been associated with upregulation and activation of actin treadmilling factors, cofilin, LIM kinase and profilin in smooth muscle cells, resulting in increased migration capability of these cells during inflammation (31) . Additionally, cytokines have been linked to increased epithelial cell migration by stimulating integrins, and intracellular adhesion molecule (ICAM-1) (32) . Besides, cytokines are also known to regulate tight junctions by stimulating actomyosin contractility (33) . These roles show that cytokines are important regulators of cell migration behavior. It is also noteworthy that polymerization is coupled with depolymerization, and the two constitute the treadmilling phenomenon of actin filaments in migrating cells (Fig. 3B) . Moreover, as with polymerization, depolymerization is also closely regulated by a number of actin-severing proteins, including ADF/cofilin and gelsolin. Prominent among actin depolymerizing proteins is the well-investigated ADF/cofilin which is widely distributed in the lamella. It binds to the sides of ADP-actin filament and changes its structure, resulting in an increase in the rate of pointed end depolymerization (34, 35) . In addition, the binding of cofilin to F-actin causes a change in the twist angle of the filament (36) . This weakens the structure of the filaments, causing modest severing and a two-three fold decrease in average length (34) . Furthermore, it is reported that an increase in the twist angle of a filament (36) that occurs when cofilin couples to F-actin initiates monomer dissociation and filament depolymerization. However, the effect of cofilin activity on F-actin is still controversial, with some reports indicating that it promotes actin assembly as well (37) . Moreover, it was recently proposed that cofilin promotes depolymerization by severing actin filaments at low concentrations, but it nucleates them at higher concentrations (38) . Gelsolin, another actin-severing protein, is required for the motility of fibroblasts (39) .
Collectively, the actin-binding proteins mentioned above function in tandem to significantly enhance actin network reorganization inside a cell compared to what is observed in vitro. For instance, it was previously estimated that the average turnover time of actin filaments in the lamellipodia of migrating keratocytes is ~ 23 s (40) , which is considerably shorter than the ~ 5 min reported for in vitro experiments (41) . The large difference is attributable to the control exerted over the reorganization process inside a cell by the regulatory proteins, as described above. For example, depolymerization initiation by ADF/cofilin is >100-folds enhanced in cells than in vitro, and the process has been suggested as the rate-limiting factor in filament turnover (41) . For this reason, to promote faster assembly, highly motile fish keratocytes excludes ADF/cofilin from the leading edge, but instead stock Arp2/3 at high density. This is in contrast to slow moving cells like fibroblast where cofilin is present even at the leading edge (41) . Thus, other than their (molar)
concentrations, the spatial localization of the regulatory proteins is also an important determinant of migration speed.
Mechanical Forces for Cell Migration
As mentioned already, migrating cells generate intracellular mechanical forces from actomyosin interactions, and they are also exposed to a variety of external forces emanating from their interaction with their physical environment. These include, but not limited to, viscous and hydrostatic forces from the surrounding fluid, as well as traction forces from the cell-substrate interactions. These external mechanical cues are transmitted into the cell where they are transduced into biologically significant signals to initiate response (16, 42) . For instance, it has been observed that migrating cells can sense and respond accordingly to the mechanical stiffness of the ECM, by altering the speed and even the direction of migration (43) (44) (45) . In addition to external forces, cells generate internal mechanical forces from the dynamic interactions involving F-actin and myosin II, and these forces are important for the realization of various cell functions, including cell migration and division (46, 47) .
Importantly, internal and external mechanical forces couple with biochemical factors to mediate cell response, by regulating the dynamics and reorganization of intracellular structural components, particularly the F-actin network (48, 49) . Thus, actin network dynamics is essential for motile cells to acquire functional adaptability and self-regulation. Below we examine some of the major physical forces that are essential to cell migration.
Polymerization Forces
Polymerization against the plasma membrane can be considered as one source of intracellular forces. It has been suggested that thermal undulations of a semi-stiff actin filament, rather than monomer diffusion, creates a polymerization gap between the plasma membrane and actin filament into which a monomer fits, producing elastic forces that push the membrane forward, resulting in protrusion (50, 51) . As polymerization proceeds, tension develops in the membrane, and when a sufficient level of tension buildup is reached, the deformed membrane generates reaction forces that tend to push F-actin network away from the leading edge, consequently generating actin network flow in the vicinity of the leading edge (52) (53) (54) . This has been suggested as one source of retrograde F-actin flow, especially at the cell periphery. Thus, polymerization forces contribute to both protrusion and retrograde actin network flow, especially near the leading edge. Moreover, these forces have also been linked to membrane trafficking and phagocytosis of large particles such as bacteria. We continue the discussion of actin network flow in section 4.
Actomyosin-Based Forces
Intracellular mechanical forces are generally generated from the interaction between myosin II and actin filaments (Fig. 4A) . Myosin II motors are elongated proteins that consist of two heavy chains and two copies each of two light chains that form a head-neck-tail structural arrangement (55) . The globular head domain of each of the heavy chains contains the force-generating machinery, and enables myosin II to bind to and walk toward the plus ends of actin filaments, using the energy of ATP hydrolysis (55) . Single myosin II molecules move toward the plus end of newly assembled actin filaments, and they form bipolar filaments where actin filaments cross (56) (Fig. 4B ). Myosin II bipolar filaments perform work on actin filaments through a general three-step process of binding, power stroke and unbinding. In the lamellipodia of motile cells, myosin II motors slide toward the plus ends of divergent actin filaments while simultaneously pulling the filaments back, resulting in tension generation (10, 57, 58) (Fig. 4B ). This interaction causes filament bending and network contraction ( Fig. 4C) , resulting in the network being compressively deformed. We discuss the importance of this deformation on actin filament dynamics in subsection 4.3. In addition, actomyosin interaction causes filament realignment, mainly in the cell interior away from the leading edge (Fig. 4C, middle) . As a result, toward the cell body, filaments become more oriented parallel to the leading edge, as reported for fish keratocytes (10) (Figs. 4A and C). As mentioned already in section 2.1, actin filaments at the back of the lamellipodia are further bundled by α-actinin and other cross-linking proteins, including myosin II to form SFs (20) .
SFs thus formed interact with non-muscle myosin II motors to generate tensile forces necessary for cell body translocation, adhesion dynamics and retraction (57, 59, 60) . In polarized fast locomoting cells like keratocytes, SFs are in the form of transverse arcs (Fig. 4A ) that enable them to generate forward directed force for cell body translocation (10, 61) . These contractile structures are localized strategically at the boundary between lamellipodia and the cell body (Figs. 3A and 4A) so as to maximize the utilization of contractile forces for cell body translocation and retraction.
Crosstalk between Intracellular Forces and Traction Forces
Polymerization at the leading edge is coupled with adhesion because filament-substrate bonding is required to prevent backward sliding of polymerizing actin filaments, which otherwise would decrease polymerization efficiency (3) . In fact, as illustrated in Fig. 5A , the front region of the lamellipodia is dotted with small FAs that generate rearward oriented, propulsive traction forces (62) . Moreover, it has been demonstrated that adhesion at the leading edge of migrating cells requires tension in the actin cytoskeleton (63) . Similarly, at the contractile module, both ends of SFs must be firmly anchored via FAs to the ECM in order to generate tensile forces (64, 65) (Fig. 5A ). Even rapidly moving cells such as fish keratocytes that are only weakly adhered to the substrate still posses particularly large FAs at the lateral edges that anchor SFs to the substrate to facilitate contractile force generation (Fig. 5A ). This category of FAs has been associated with inwardly oriented pinching traction forces that correlate with contractile forces along the SFs (61, 62) (Fig. 5B ).
Overall, studies using different cell types have shown that the integrity of actin cytoskeleton, particularly SFs, depends on adhesion (66) (67) (68) . Moreover, it has been noted that traction forces at focal complexes are correlated with intracellular tensile forces (69) , and that these forces are required for the formation and maturation of FAs (70) (71) (72) . Thus, it is no surprise that continuous contraction of SFs is often in equilibrium with adhesion dynamics, and results in the stability of actin bundles that maintain a constant length under tension, which is one of the major roles of SFs in cells (66) . This relationship has been demonstrated experimentally by increasing myosin II contractility using calyculin A to promote FA growth and peripheral distribution, leading to the formation of more robust SFs, and an increase in migration speed (73) . Moreover, it has been observed that the degree of myosin II activity (and hence contractility) per FA affects FA turnover and size, creating a feedback between the cytoskeletal tension and traction forces that results in adhesion-strength depended affects on cell migration (73, 74) .
Accordingly, it is predicted that tension generated in the SFs leads to aggregation of adhesion molecules, resulting in stronger adhesions capable of supporting higher tensile forces (75) . However, the paradox is that cells must also be able to disassemble focal adhesion if they are to retract and move forward. In other words, if they establish too strong adhesion bonds on the ECM, the expense in terms of actomyosin tension required to disengage the bonds will be higher, thereby impeding retraction. On the other hand, weak FAs may be insufficient to support the generation of sufficient tension necessary to pull the cell body and induce retraction. Intriguingly, by mechanosensing and mechanotransduction, migrating cells are capable of maintaining an optimal balance between intracellular tensile forces and traction forces, which is crucial for coordinated migration. In fact, it is increasingly become clear that attachment to the substrate allows intracellular forces to be transmitted to the ECM and vice versa, and this is thought to be one of the underlying mechanism by which cells detect the mechanical properties of the ECM and respond accordingly (44, 76) .
Actin Network Flow and Dynamics
A striking feature of the cytoskeletal actin dynamics in adherent cells is that, as filament assembly and elongation continues at the leading edge, the whole network exhibits a net movement from the cell periphery toward the cell center in a process known as "retrograde flow" (77, 78) . The flow was first detected in slow moving cells such as fibroblasts (79) , but it remained undetected in fast moving cells like keratocytes (40) until recently when more powerful flow detection and tracking tools such as fluorescent speckle microscopy (FSM) was developed (80, 81) . In fact, using FSM, a number of studies have quantitatively mapped the organization of retrograde flow in various cell types, including keratocytes (82, 83) and epithelial cells (54) . Thus the flow is now known to be ubiquitous, and it is considered as an important property of migrating cells.
Mechanisms for F-actin Flow Generation in Migrating Cells
It is increasingly becoming clear that two different mechanisms exist for the generation of forces that drive retrograde flow. As pointed out in subsection 3.1, reaction forces generated by polymerization against the plasma membrane may drive F-actin flow at the cell periphery (52, 53) (see Fig. 6A ). Indeed, it has been observed that maximal retrograde flow coincides with the maxima of membrane resistance to F-actin assembly (84) , suggesting that on reaching a tension level precluding further expansion of the plasma membrane, the work by actin assembly is converted into retrograde flow. The other mechanism involves flow generation by actomyosin contraction (57, 78, 85) .
Toward the middle of the lamellipodia, the flow is driven by network contraction as a result of actomyosin interaction (Fig. 4B ). This has been demonstrated experimentally by inhibiting myosin II activity to attenuate network contraction, resulting in a dramatic reduction in retrograde flow velocity in the interior of the lamellipodia (86) , but with limited effect on the flow at the cell periphery (52) . Moreover, studies have shown that actomyosin-based tensile forces are important for generating actin network dynamics (10) .
According to the dynamic network contraction model (10, 57) , a popular model derived from studies using fish keratocytes, contractile forces generated by actomyosin interactions (Fig.  4B ) is responsible for actin network contraction, translocation of cell body, and the disassembly of FAs to allow for retraction (57) . The model postulates that bipolar myosin II filaments can translocate forward along divergent actin filaments (Fig. 4B) , causing network contraction by exerting a pulling force on the actin network along the anterior-posterior axis of the cell (10) (Fig. 4C) . As a result, actin network undergo contraction in the anterior region of the lamellipodia, resulting in retrograde flow and filament realignment parallel to the leading edge (57) (Fig. 4C) . Since network contraction involves assemblies of myosin II motors sliding forward along divergent actin filaments, the back of the lamellipodia adjacent to the cell body is the most contractile because actin density in this region is sparser and myosin assemblies have more room to translocate (87) .
Moreover, this region is rich in myosin II (10, 86) , implying more contractile forces.
Noteworthy is that although actin network in this region is sparser, it is physically continuous with both the SFs and the dense actin network at the leading edge. Hence, contractile forces generated along transverse SFs can be transmitted to the network in the front and at the back of the cell simultaneously (10) . Moreover, as depicted in Figs. 4A and 5A, the transverse SFs at the back of the lamellipodia are actually slightly curved. This slight curvature yields a parallel force component (with respect to the migration direction) when SFs contract. This force component is thought to drive cell body translocation, as well as anterograde flow of actin network at the posterior end of the cell. Thus, although transverse SFs in keratocytes are apparently aligned perpendicular to the direction of cell movement (Fig. 4A) , their curvature and continuity with the actin network structure make it possible to translate contractile forces they generate into parallel network forces for the generation of retrograde and anterograde flows (57) , as well as cell body translocation (88) .
Mapping F-actin Network Dynamics in the Lamellipodia
FSM studies have elegantly revealed the organization of actin flow in the lamellipodia of migrating cells (89) (90) (91) . Figure 6A shows a flow map of actin network in the lamellipodia of a migrating keratocyte obtained by a combination of FSM and particle imaging velocimetry (PIV). From the magnified region of the flow field, it can be observed that retrograde flow velocity decreases progressively from the leading edge toward the back of the lamellipodia to reach a minimum at the contractile module. This is also demonstrated by the kymograph in Fig. 6B from where we can observe that the slopes of the speckle streaks decrease from the leading edge (l.e) toward the back (c.b). In similarity with retrograde flow, anterograde flow that emanates from the cell rear also decreases in intensity toward the front of the lamellipodia, as shown in Fig. 6A , and schematically in Fig. 6C . The two flows merge at the middle of the lamellipodia, resulting in regions of markedly reduced flow intensity. Such regions within the contractile module of the lamellipodia are commonly referred to as the convergence zones (86) (marked as CZ in Fig. 6A ), and they form an important aspect of F-actin flow organization. Indeed, convergence zones been associated with increased network deformation and depolymerization (92) .
The most plausible explanation for this kind of flow organization is that contractile forces generated by myosin II activity produces a gradient of convergent tension on F-actin across the contractile module (73, 87) , peaking in the module center. Although little is known about the specific patterns of myosin assembly, it is thought that when coupled with filament polymerization, convergent tension can drive the two F-actin flows by a network contraction mechanism to merge at the convergence zone (86, 87) . While myosin II activity drives flow convergence, FAs may influence the location of the convergence zone such that the zones are localized where F-actin network is strongly coupled to the ECM (73) . Such points of strong coupling are expected to have a dramatic reduction in F-actin flow rate. Whatever the case, F-actin network in the convergence zone is thought to be under increased compressive deformation in the migration direction due to flow convergence (82, 86) , and this may promote depolymerization, possibly by a mechanism involving the induction of filament disassembly by negative (compressive) strains (93) , as discussed in subsection 4.3.
Both retrograde and anterograde flows are important for cell migration. Retrograde flow is thought to regulate traction force generation and dynamics (94) , as discussed in detail in subsection 5.1. Although less investigated compared to retrograde flow, anterograde flow is equally important as suggested by a recent study that used inert quantum dots to monitor intracellular flow dynamics in migrating cells and found that the flow is driven toward the leading edge by increased hydrostatic pressure resulting from myosin II contraction, which occurs mainly along the SFs at the rear. Moreover, it has been suggested that anterograde flow is involved in forward transport of soluble cytoplasmic materials, including organelles. In particular, the flow has been associated with the forward transport of monomers to the leading edge for polymerization (95) . Thus, both retrograde and anterograde flows combined form a circulatory flow in the migrating cells, which is important for material transport and recycling during cell migration. In the subsequent discussions, however, we focus on retrograde flow since it has been implicated in various important cellular processes, including actin turnover (82, 96) and adhesion regulation (97, 98) .
Actin Network Strain Induces Filament Depolymerization
As mentioned already, F-actin network is dynamically contracted and realigned by the action of myosin II motors. Concomitantly, the network is further compressively deformed by the convergence of retrograde and anterograde flow at the middle of the lamella. A recent quantitative study (93) using FSM and PIV-based image cross-correlation determined actin network deformation in the lamellipodia of fish keratocytes, and reported on the existence of negative (compressive) network strains in the actin network. Interestingly, the study found that incremental network strain in the direction parallel to the migration direction (parallel incremental strain) was significantly negative and predominant over the strain component in the normal direction (normal incremental strain). The latter was found to be negligible, consistent with isometric network contraction theory. From this finding, the study suggested that compressive deformation of the actin filament network occurs in the anterior-posterior axis, in agreement with the predictions of dynamic network model (10) . In addition, the study observed that the distributions of parallel incremental strain and actin network density are closely correlated. Based on this correlation, the study proposed a "selective depolymerization model", which is illustrated schematically in Fig. 7 .
According to the model (93) , negative (compressive) strain may couple with biochemical factors to induce actin filament depolymerization (34, 99) . The model proposes that network contraction by actomyosin-generated mechanical forces may result in compressive network deformation and tension release, which may couple with biomechanical factors such as ADF/cofilin to induce filament depolymerization. Since the direction of the compressive deformation corresponds with the migration direction (Fig. 7) , filaments oriented away from the migration direction are likely to escape depolymerization because they bear less negative (compressive) strain compared to their counterparts oriented in the migration direction which are preferentially depolymerized. Filaments that survive are transported back by retrograde flow and eventually form SFs at the back of the lamellipodia to resume the role of contractile force generation. Thus, fascinatingly, the model can account for the observed changes in filament orientation from the leading edge to the back of the lamellipodia. Importantly, it suggests that the cytoskeleton behaves like a self-regulating system which is capable of inducing its own remodeling and reorganization. The above model draws support from other studies that have directly examined the effects of mechanical forces like strain or tension release on actin cytoskeleton reorganization in adhered cells. For instance, it was reported that applying compressive deformation to an adherent cell induces the disassembly of SFs as an initial phase of stress fiber reorganization (100, 101) . Moreover, the level of the mechanical stress/strain necessary to induce SF reorganization was quantitatively determined (102) . Evidences are also emerging that mechanical forces are involved in the reorganization process at the level of a single filament, by mechanically stimulating the activity of actin depolymerizing agents (103) .
Indeed, ADF/cofilin has been shown to attach preferentially to F-actin bends (104) and to induce a change in the twist angle of F-actin upon attachment, indicating that increased 
Motility direction
Cell body torsion resulting from F-actin-cofilin interaction may mechanically stimulate filament depolymerization (36, 99) . Overall, these studies highlight the importance of coupling interactions between mechanical and biochemical factors in the regulation of actin structure reorganization, which ultimately leads to cell motility regulation.
Coupling Actin Network Flow with Traction Forces
Despite ongoing intensive studies on retrograde flow, its role and utility in regulating cell adhesion and migration still remains an outstanding question (105) . Nevertheless, recent studies continue to shed light on the role of retrograde flow, with a number of studies suggesting that the flow regulates traction force development at the focal adhesions. Using combined traction force microscopy and FSM, it was observed that a robust biphasic relationship exists between F-actin speed and traction forces (94, 98) . Moreover, it was observed that F-actin speed is inversely related to traction forces near the leading edge where FAs are formed and F-actin motion is rapid, but directly related at larger FAs where F-actin flow speed is low (98) . Moreover, it has been observed that retrograde flow of F-actin in the lamellipodia slows at sites of FA assembly (94, 97) . These studies demonstrate the existence of a robust relationship between actin network flow and traction forces. Below we discuss some of the breakthroughs made on this topic in recent years.
Retrograde Flow Regulates Traction Force Development
Several attempts have been made to elucidate the mechanism for the regulation of traction force generation by retrograde flow. So far, the focus has been on the so called "molecular clutch" hypothesis that suggests that adhesion molecules can act as "molecular clutches" that regulate the balance between retrograde flow, protrusion, and traction force development (105, 106) . According to the model, which is schematically illustrated in Fig. 8 , the assembly of transmembrane proteins into complexes can create points of attachment between the F-actin network and the immobile ECM. Thus, by regulating the degree of mechanical coupling between the cytoskeletal F-actin network and the ECM, the "molecular clutches" determine the relationship between retrograde flow and traction forces. For example, as shown in Fig. 8 , when the clutch is engaged, tensile forces originating from actomyosin contraction that otherwise could be used to generate retrograde flow are transmitted to focal adhesion receptors which are immobilized on the ECM, thereby allowing cells to exert traction forces against it (105) . As a result, retrograde flow will decrease while the rate of protrusion will increase because actin polymerization will now make a greater contribution to this process (107) .
Conversely, if the clutch is disengaged, slippage will occur between the cytoskeletal and adhesion receptors, thus increasing retrograde flow while simultaneously decreasing the rate of protrusion since increased retrograde flow will limit the efficiency of protrusion by subtracting newly polymerized actin from the leading edge (107) . Moreover, the decrease in mechanical coupling that accompany clutch disengagement will reduce the amount of force transmittable to the ECM, resulting in reduced traction force. For a given adhesion molecule to function as a clutch, it should be able to link both an actin filament and the intracellular domain of the transmembrane receptors. In this respect, vinculin and talin are thought to be possible candidates for a molecular clutch because they can bind both F-actin and integrins (97, 108) . Indeed, studies using correlation FSM have quantitatively measured the coupling of focal adhesion proteins to actin filaments and demonstrated that the motion of talin and vinculin that bind both integrins and F-actin was more consistent with F-actin flow than was the motion of integrins which are, in most cases, immobilized on the ECM (97) .
Biophysical Models for Molecular Clutch Functioning
The molecular clutch hypothesis continues to gain ground, thanks to the emergence of more detailed biophysical models. In a recent study by Chan and Odde (109) (also see (105) for an overview), a stochastic physical model of the motor-clutch system was proposed in which molecular clutches and the substrate were treated as simple Hookean springs (Fig. 8) . This model suggests that molecular clutches reversibly engage with the F-actin, and tension develops in the engaged molecular clutches as they are stretched by myosin II driven retrograde flow. Tension in the engaged molecular clutches induces traction force, which is balanced by tension and deformation in the compliant substrate, also modeled as a Hookean spring. The study suggests that myosin motors work against this load force, slowing their motor sliding velocity (and consequently a decrease in retrograde flow speed), supposedly, according a linear force-velocity relation. Importantly, the study (109) found that the clutch is also a mechanism by which cells can sense changes in the stiffness of their ECM, and reported that the proposed model can predict how ECM stiffness-dependent changes in clutch dynamics can lead to differences in retrograde flow rates and mean traction forces exerted on stiff and soft substrates. For instance, on stiffer ECM, rapid tension buildup within engaged clutches shortens the duration of F-actin/clutch coupling, resulting in "frictional slippage" in which F-actin bundle is continuously slipping from the point of contact at roughly constant velocity. Thus rapid buildup and abrupt failure of bonds limits the amount of traction force transmitted to the ECM at all times, resulting in lower traction force and higher rates of retrograde flow. On softer matrix, however, slow-tension buildup due to substrate compliance ensures that the duration of F-actin/clutch interaction is prolonged; most clutches remain engaged and traction forces increase over several seconds before they rapidly fail. Thus, enhanced traction force occurs concomitantly with reduced retrograde F-actin flow speed. Interestingly, Chan and Odde (109) found these predictions by the model to be true when they correlated traction force measurement and F-actin retrograde flow rate in the filopodia of migrating neurons. Thus, their work is an important step in building a quantitative framework to describe how actin cytoskeletal dynamics and focal adhesions can control cellular mechanosensing and force generation, leading to cell migration regulation.
Integrating Actin Network Dynamics with Cell Migration
We have explored the different sources of intracellular mechanical forces in migrating cells and comprehensively elaborated on the major ones; actomyosin interactions and polymerization. Moreover, using fish keratocytes as models, we have examined actin network dynamics during cell migration and highlighted on the contribution of actin network flow to the self-regulatory mechanism of the actin cytoskeleton. One fundamental process of the self-regulatory mechanism explored here involves the induction of negative (compressive) strains by flow convergence, resulting in network depolymerization. In addition, we have discussed how actin network flow correlates with traction forces exerted on the ECM by migrating cells. In this section, we attempt to integrate all these diverse processes, and show that they are all interlinked. We begin by summarizing in Fig. 9A the main processes of cell motility discussed. Although the events illustrated in the figure may appear unrelated, they need to be coordinated into coherent actions during cell migration. We have therefore proposed the pathway shown in Fig.9B , which is modified from (86) .
The pathway integrates the mechanical processes of cell migration, starting with contractile forces generated by actomyosin contraction. Network contraction resulting from actomyosin contractility generates network tension that causes retrograde flow in the interior of the lamellipodia. Simultaneously, contractile forces generated by the transverse SFs cause retraction, cell body translocation, and anterograde flow. Retrograde and anterograde flows converge at the middle of the lamella, resulting in compressive network deformation. Consequently, negative (compressive) network strain, which in essence implies tension release, is induced in the actin network. It is predicted that tension release (due to the induced negative strain) initiates network depolymerization, resulting in the release of new monomers for polymerization. Polymerization pushes the plasma membrane forward, and simultaneously generates reaction forces that push the peripheral actin network backwards, resulting in retrograde flow generation (57, 86) (Fig. 9A) . Ultimately, the flow transports new filaments to the back of the lamellipodia, where they interact with myosin II motors and become bundled to form new SFs (56) . The contractile structures thus formed take up the role of contractile force generation, pulling the actin network to generate more F-actin flow and the cycle continues.
For the pathway to be complete, we need to consider the physical continuity between the cytoskeleton and the ECM, since intracellular forces are coupled with those in the ECM. As mentioned in section 5.2, molecular clutches (109) modulate the degree of mechanical coupling between the ECM and actin cytoskeleton, thereby regulating both actin network flow and traction force development. It is therefore predictable that actin network flow would decrease when the cytoskeleton and ECM are tightly coupled, leading to an increase in leading edge protrusion, since most of polymerization forces can now be utilized for protrusion. However, a weak flow due to tight cell-substrate coupling would result in a weak flow convergence (86) , implying less deformation. This will predictably lead to a decrease in depolymerization, since negative (compressive) network strain that modulates depolymerization depends on both network deformation by actomyosin contraction and flow convergence. Consequently, polymerization rate will decrease due to a decline in the number of monomers available for recycling. Thus, it can be said that actin network dynamics in the lamellipodia is mechanically linked to other cell motility processes such as adhesion, and mechanical forces play central roles in coordinating the different motility processes. Moreover, considering that various motility processes are mechanically interdependent as we have just described, we can argue that the balance among various mechanical forces is important for the maintenance and regulation of cell migration. However, we cannot emphasize that mechanical forces alone are responsible for the realization of the events described in the pathway in Fig. 9 . Instead, we stress on the fact that biomechanical factors couple with biochemical factors to enhance and coordinate the various motility processes we have highlighted. Indeed, migrating cells are equipped with a plethora of biochemical factors which couple with mechanical forces to maintain an optimal level of actin network dynamics for uninterrupted cell migration.
Concluding Remarks
In order to understand key aspects of health and disease, we must first be able to understand how physical forces and mechanical structures contribute to the active material properties of living cells and tissues, as well as how these forces impact information processing and cellular decision making. Major advances in cell mechanobiology and biophysics have provided extraordinary opportunities to examine the links between the mechanics of cells/subcellular structures and cell functions such as mechanosensing, mechanotransduction, and cell motility (110) . A significant outcome of such progress is the availability of techniques to measure the force-induced dynamics and displacement signatures of complex structures within living cells through a variety of sophisticated biomechanical assays. The mechanical signatures, in concert with other chemical, biological and genetic pathways, offers unique new perspectives through which the highly complex mechanistic underpinnings of human health and disease at the molecular and cellular levels could be better understood (111) .
In this review, we have considered the mechanical regulation of actin network dynamics during cell migration. We have seen that cell migration is a complex process that involves the interplay of numerous components in a manner that is not yet fully understood. We have also examined the basic features of the cytoskeleton actin network and discussed how its dynamics is mechanically regulated by intracellular forces, including polymerization forces and actomyosin tension. In addition, we have looked into how negative mechanical strain resulting from actin network dynamics contributes to the self-regulatory mechanism of the structure, and discussed the molecular clutch model as the mechanism by which actin flow regulates focal adhesion dynamics. From our discussions, we can conclude that actomyosin tension couple with biochemical factors to determine vital motility processes, including actin network remodeling and FA dynamics.
Mechanochemical coupling elucidated in this review is a fundamental mechanism by which various cell functions are realized and maintained, including response of endothelial cells to shear stresses by actin cytoskeleton reorganization (112, 113) . The physical continuity existing between the cytoskeleton and ECM via integrins at the focal adhesions allows for the mechanotransduction of actin cytoskeleton dynamics and associated forces to the ECM, and vice versa. Indeed as reviewed here, actin network dynamics modulates the mechanical interaction between a cell and its ECM. Therefore, defining specific structures and mechanisms by which forces-both externally and internally generated-are sensed by cells and how this stimulus leads to specific responses is likely to help explain the complex functions of cells and to design better materials for cell and tissue engineering and other applications in vivo (114) . Indeed, analysis of morphogenesis has confirmed the critical role that mechanical interactions between cells and ECM play during the generation of complex 3D tissue structures that are critical for their designated function (115) . Thus, for better structural design principles of scaffolds for tissue engineering, new tissue engineering approaches aimed at regenerating lost or diseased tissues must incorporate knowledge of cell mechanosensing and mechanotrasduction, and give due consideration for the regulation of cell behavior by actin cytoskeleton dynamics in order to most effectively induce tissue repair and, potentially, organ regeneration in the future. Nevertheless, it should be noted that work on mechanobiology of cell migration has just began, and a lot still remains to be elucidated. Critical questions remain as to how coupling interactions among mechanical and biochemical factors lead to the spatiotemporal regulation of the molecular and physical processes of cell migration. Therefore, more work is necessary to elucidate the mechanotransduction of mechanical forces generated within and without the cell into relevant biochemical signals to mediate cell functions. Understanding, for instance, how the force balance between the front and back of the cell contributes to cell polarization and directional movement will allow us to gain insight into the signature of motifs by which mechanical forces might be converted into biochemical signals (116) . Elucidating intracellular force balance would require knowledge of actomyosin interaction, but the dynamics of myosin II motors in the contractile modules of motile cells remains poorly understood, and the precise magnitude and direction of forces resulting from actomyosin interactions are not yet quantitatively determined in vivo. To this end, there is hope that emerging powerful tools such FSM, fluorescence recovery after photobleaching (FRAP), and fluorescence resonance energy transfer (FRET), combined with advanced single molecule detection and newly developed tracking techniques will make it possible to probe molecular interactions and highlight force-function interactions within the cell. Finally, given that cell migration occurs in a physical 3D environment in vivo, it is imperative that knowledge gained from 2D in vitro investigations be translated into understanding the more complex in vivo cell migration. In fact, greater effort should be dedicated to elucidating cell migration in the in vivo setting in order to understand the process in the context of clinically relevant phenomena such as metastasis and angiogenesis.
